• Premise of the Study: Climate change forces many species to migrate. Empirical small-scale data on migration and colonization in the Arctic are scarce. Retreating glaciers provide new territory for cold-adapted plant species, but the genetic consequences depend on dispersal distances and frequencies. We estimated local, regional, and long-distance dispersal frequencies, as well as their effect on levels of genetic diversity, in diploid and tetraploid individuals of Saxifraga oppositifolia .
During recent decades, several studies have focused on Arctic plant species and their large-scale responses to Pleistocene range shifts ( Abbott et al., 1995 ( Abbott et al., , 2000 Eidesen et al., 2007a , b ; Westergaard et al., 2010 ) . These studies clearly show that historical range shifts have altered the genetic diversity within several Arctic plant species. Nearly all Arctic species will presumably experience range shifts, or range contractions, in response to ongoing climate warming ( Parmesan, 2006 ) . These future range shifts may lead to a considerable loss of genetic diversity over a relatively short period (i.e., centuries; Alsos et al., unpublished data) . Nevertheless, in many Arctic areas, new territory for colonization is continuously provided in front of retreating glaciers. It has been suggested that some Arctic plants may endure future climate alterations by fi nding adequate habitats in such formerly glaciated areas ( Crawford, 2008 ) . Detailed studies of small-scale plant migration are therefore needed to evaluate the effect of ongoing climate change on dispersal and potential loss of genetic diversity during short-term range shifts in the Arctic.
Several colonization models ( Ibrahim et al., 1996 ; Austerlitz et al., 1997 ; Bialozyt et al., 2006 ) and empirical studies about postglacial colonization ( Hewitt, 1996 ; Sch ö nswetter et al., 2003 ) suggest that range expansion into formerly glaciated areas can result in decreased genetic diversity owing to subsequent bottlenecks and founder effects. In addition, newly founded populations can diverge genetically from source populations because of a different selection pressure in the new habitat (McCauley and Wade, 1980) . Reduced genetic diversity may have negative effects on factors like adaptation potential, resistance to disturbance, and stability of a species ( Reusch et al., 2005 ; Hughes et al., 2008 ) . Thus, persistence of a species is not guaranteed solely by moving; it also has to have suffi cient genetic variation to endure in the long run. However, the modeling studies suggest that genetic diversity in newly founded populations can be high if there is a high proportion of long-distance dispersal coupled with local diffusion (stratifi ed dispersal) ( Ibrahim et al., 1996 ; Bialozyt et al., 2006 ) . This phenomenon has been supported through several large-scale empirical studies ( Alsos et al., 2005 ( Alsos et al., , 2009 Skrede et al., 2006 ) . Similar patterns have also been shown in several small-scale colonization studies, with no founder effects and only minor differences in genetic diversity between newly founded populations and source populations ( Von Fl ü e et Yang et al., 2008 ) .
In Svalbard, a High Arctic archipelago, glaciers cover about 60% of the land mass; thus, deglaciated areas are continuously provided. Several well-documented colonization studies of glacier forelands in Svalbard are already available ( Hodkinson et al., 2003 ; Moreau et al., 2005 Moreau et al., , 2008 . In addition, this area provides several dated chronosequences ( Dzierzek et al., 1990 ; Sletten et al., 2001 ; Rachlewicz et al., 2007 ) . Ecosystems in Svalbard have comparatively simple interactions ( J ó nsd ó ttir, 2005 ) and little anthropogenic disturbance ( Krzyszowska, 1985 ( Krzyszowska, , 1989 . Thus, glacier forelands in Svalbard provide an ideal model system for investigating genetic effects of ongoing plant colonization.
Saxifraga oppositifolia L. (Purple Saxifrage) is a long-lived, perennial, insect-pollinated, mainly outcrossing herb ( Kevan, 1972 ; Gugerli, 1998 ) . This species is an early colonizer, disperses via seeds and presumably also via propagules ( Cooper, 2006 ) , and is the fi rst dominant vascular plant in young moraines after deglaciation ( Hodkinson et al., 2003 ; . It has a circumpolar Arctic -Alpine distribution ( Hult é n, 1986 ) and displays considerable morphological and genetic variation throughout its range ( Abbott et al., 2000 ; Abbott and Comes, 2004 ; Elven et al., 2011 ) . Two subspecies are proposed in the Arctic: the amphi-Beringian subspecies smalliana and the more widely distributed subspecies oppositifolia . In addition, two distinct morphotypes were described, one cushion-like type growing mostly in dry, windexposed ridges, and one prostrate type with long branches and distant leaves mainly found in damp, less exposed habitats, though a range of intermediate types exists Elven and Elvebakk, 1996 ) . Three ploidy levels have been observed, with mainly diploids (2n = 26) in Europe and northern Canada, tetraploids (2n = 52 and few deviating counts) in Beringia; and diploids, tetraploids and triploids (2n = 39) in Greenland ( Elven et al., 2008 ) . Surprisingly neither earlier suggested subspecies nor morphotypes or ploidy levels in S. oppositifolia are fully concordant with the registered genetic and morphological variation ( Brysting et al., 1996 ; R ø nning, 1996 ; Gabrielsen et al., 1997 ; Abbott and Comes, 2004 ) . Saxifraga oppositifolia is also common throughout Svalbard and found in most plant communities ( Elvebakk, 1994 ) . Individuals from Svalbard have also shown high morphological variation ( R ø nning, 1996 ) , and the two morphotypes and intermediates grow in Svalbard in spatial proximity ( Brysting et al., 1996 ) . Regarding genetic diversity in S. oppositifolia , Svalbard is no exception. High levels of genetic diversity were registered on the basis of RAPD data ( Gabrielsen et al., 1997 ) , and two chloroplast genotypes have been recorded on the basis of RFLP data ( Abbott et al., 2000 ) . There are only three chromosome counts registered for Svalbard, one diploid ( J ø rgensen et al., 1958 ) and two tetraploid counts ( Flovik, 1940 ; Chapman, 1995 ) . Theoretically, polyploids have three advantages compared with diploids: heterosis, improved self-compatibility, and gene redundancy ( Comai, 2005 ) , which are expected to be especially benefi cial for vascular plants during colonization ( Soltis and Soltis, 2000 ) .
In the present study, we investigated populations of S. oppositifolia , which successively colonized new territory in Arctic periglacial habitats, and evaluated genetic diversity, dispersal distances, and minimum number of founders. We analyzed samples collected from populations of S. oppositifolia in three recently colonized glacier forelands and potential sources. We examined the genetic structure and then compared it with (1) the genetic diversity in recently founded populations versus older populations in the surroundings; (2) the proportion a high-pressure mercury lamp (Osram HBO 100 long life), heat protection fi lter KG-1, excitation fi lters UG-1 and BG-38, dichroic mirrors TK 420 and TK 560, and an emission fi lter GG 435. In addition, Flowmax software (version 2.4; Partec) was used. All analyses were made by Plant Cytometry Services (AG Schijndel, The Netherlands).
Data evaluation and population structure -All individuals with poor AFLP profi les and/or size standards were excluded from further analyses. Conversions of the data matrix format for the different analyses of the AFLP data were carried out with the AFLPdat R-script ( Ehrich, 2006 ) . Linkage among markers was evaluated by using a neighbor-joining tree of the markers, which was calculated with Treecon version 1.3b ( Van der Peer and De Wachter, 1994 ) , based on Nei and Li ' s (1979) distance measure.
Principal coordinate analyses (PCO), including all samples from Svalbard ( Table 1 ) , were calculated using the Euclidean similarity index ( Kosman and Leonard, 2005 ; Bonin et al., 2007 ) with the software Past version 2.03 ( Hammer et al., 2001 ) . We inferred models for the population structure using the Bayesian Analysis of ploidy levels -To analyze whether S. oppositifolia is truly present in two different ploidy levels on Svalbard, we recollected fi ve samples in 2011 from source six (16.575798 E, 78.725797 N; Fig. 1 ) and germinated seeds from a reference population in Endalen (15.749509 E, 78.185874 N) . Ten of the seedlings and leaves from the fi ve samples were analyzed for their DNA content using fl ow cytometry. The samples were compared with a sample of expected diploid level collected in Telegrafbukta, Troms ø , Norway (18.907478 E, 69.631747 N) , and to an internal standard ( Vinca minor ). In addition, 30 silica-dried samples from several collection sites of individuals analyzed with AFLP were analyzed by applying fl ow cytometry.
Samples were prepared by chopping 20 -50 mg with a razor blade in an icecold buffer containing 5 mM hepes, 10 mM magnesium sulphate heptahydrate, 50 mM potassium chloride, 0.2% triton X-100, 0.1% dithiothreitol, 1% polyvinylpyrrolidone, and 2 μ g mL -1 DAPI; buffer pH was 8.0. Approximately 2 mL of the solution containing cells and tissue was passed through a nylon fi lter of 50-μ m mesh size. Fluorescence was measured with a CyFlow ML fl owcytometer (Partec GmbH, M ü nster, Germany). The fl owcytometer was equipped with 
RESULTS
Semi-automatic vs. automatic scoring -For the three selected primer combinations including replicates, 802 individuals of S. oppositifolia were successfully semi-automatically scored, resulting in 152 markers. The error rate calculated on the basis of 83 replicates was initially 2.81%. Five markers with > 10 scoring mismatches, fi ve individuals with > 15 scoring mismatches, and seven individuals with exceptionally low numbers of scored markers were excluded, resulting in a mean scoring error of 1.62%. Another 32 markers, which were polymorphic in < 1.62% of the total numbers of individuals, were removed from the data set. Thus, the fi nal matrix consisted of 115 markers and 707 individuals, in which 67% of the markers occurred in 10 -90% of the individuals.
Applying automatic scoring including replicates, 810 individuals could be scored, resulting in 1039 markers with an initial error rate based on 89 replicates of 4.53%. The difference in analyzed individuals between semi-automatic scoring and automatic scoring is based on the programs ' different abilities to read the length standard. Cleaning the data set following the same procedure as described above resulted in a mean scoring error of 1.21%. Subsequently, 606 markers polymorphic in < 1.21% of the total number of individuals were removed. The fi nal data set consisted of 712 individuals and 266 markers, but only 26% of the markers occurred in 10 -90% of the individuals. In addition, two PCO axes explained only 6.69% of the variation and three axes only 9.03%. This is much less than the PCO of the data when semi-automatic scoring is applied. Considering the marker distribution, the less separated data in the PCO, and that markers with intermediate frequencies contain most information about population structure, the semi-automatic scored data set was used in all further analyses (Appendix S1; see Supplemental Data with the online version of this article).
Main genetic structure -The PCO of the data set with all samples collected in Svalbard showed a weak separation into two clusters ( Fig. 2A ) . Two PCO axes explained 13.45% of the variation, and three axes explained 17.07% of the variation. The Structure analysis including all samples collected on Svalbard identifi ed the same clusters ( Fig. 2A ) (Appendix S2). The results of the fl ow cytometry from the fresh material confi rmed the existence of DNA-diploid and DNA-tetraploid individuals of S. oppositifolia in Svalbard. Furthermore, the ploidy analysis of 30 silica-dried samples using AFLP-analyzed individuals indicated that the two observed clusters represented two ploidy levels. Nine of 13 individuals from the fi rst cluster were diploids. Only one individual of the fi rst cluster was tetraploid, another one was triploid, and for two individuals the ploidy level could not be determined. All 13 individuals from the second cluster were tetraploid. In addition, of four individuals placed between the clusters, one was triploid, one diploid, one tetraploid, and for one individual the ploidy level could not be determined ( Fig. 2B ; Table 2 ) .
Individuals from both clusters appeared in most sampled populations. The proportion of the individuals belonging to the diploid cluster and to the tetraploid cluster was 39.60 -60.40% ( n = 707; Fig. 1 ). When comparing each region, the tetraploid cluster also had a higher presence in Petuniabukta and in Recherchefjorden, whereas the opposite was observed in Kongsfjorden ( Fig. 1 ). There were no differences in frequencies of the clusters between source populations and glacier foreland clustering method implemented in Structure version 2. 2.3 ( Pritchard et al., 2000 ) . All analyses with Structure were run at the Bioportal at the University of Oslo. Every individual collected in Svalbard was included in the analysis, which was run assuming an admixture model with a burning-in period of 20 5 iterations followed by 10 6 iterations. Each run was replicated 10 times with a K from 1 to 10. The major clusters inferred were analyzed for further substructure with the same parameters and K from 1 to 15. A model for the population structure was selected with the aid of the Structure-sum R script according to Pritchard et al. (2000) and Evanno et al. (2005) .
Further, to unravel the partitioning of the molecular variance between groups and among populations, we ran several analyses of molecular variance (AMOVA) for different group and population clustering, applying the software Arlequin version 3.5. 1.2 ( Excoffi er and Lischer, 2010 ) . To test for isolationby-distance, Mantel tests were calculated with 10 4 iterations using the R package ncf 1.1-3 ( Bjornstad, 2009 ) . For genetic distances, we applied only signifi cant population-based pairwise F ST values, which were estimated with Arlequin. Geographic distances were inferred from latitude and longitude coordinates.
Founder events -To identify differences in diversity between source and newly founded populations, genetic diversity was calculated after Nei (1987 ) . To quantify the occurrence of rare markers, the frequency down-weighed marker value (DW; also called " rarity index " ) was calculated ( Sch ö nswetter and Tribsch, 2005 ). Both indices were calculated with the aid of the AFLPdat R-script ( Ehrich, 2006 ) . To fi nd the most likely source of the individuals in the glacier foreland populations, multilocus assignment tests were performed as described in Skrede et al. (2006) using AFLPop version 1.0 ( Duchesne and Bernatchez, 2002 ) . Individuals were assigned to populations when their likelihood of having originated from a particular population was 10 or more times higher than the likelihood to originate from any other population. When differences in likelihood were less, we identifi ed whether an individual had a 10 or more times higher likelihood of having originated from a particular collection region (Kongsfjorden, Recherchefjorden, or Petuniabukta). Individuals were classifi ed as unassigned if the difference in likelihood between populations as well as between regions was less. The minimum number of founders necessary to bring all markers observed in the founded population was estimated as described in Alsos et al. (2007) . Individuals were sampled at random from the main source until all markers observed in the founded population were observed in the sample. This procedure was repeated 10 5 times to fi nd the minimum number of founders. If some markers were not found in the main source population, individuals were added from other sources that carried these markers. The AFLP profi les were inspected to fi nd individuals, which carried combinations of markers. This calculation was run for each Structure cluster separately, and minimum numbers of founders for each of the four sampled moraine stages in each glacier foreland were estimated. The minimum numbers of founders for each Structure cluster were also estimated for each glacier foreland in total.
Differences in number of markers between the Structure clusters were tested with a t -test. To evaluate further differences in markers, a linear mixedeffects model with Structure clusters (cluster 1 and cluster 2) and sample origin (glacier foreland or source) as fi xed factors and collection region (Kongsfjorden, Petuniabukta, and Recherchefjorden) as random factor was fi tted to marker numbers. For this model the R package nlme version 3.1-101 ( R Development Core Team, 2011 ) was used. To evaluate whether the sample origin and the Structure clusters had an effect on genetic diversities, we applied a generalized linear model (GLM, normal errors) with sample origin (source or glacier foreland population) and Structure cluster as factorial variables (cluster 1 and cluster 2). The reference populations were excluded. We tested whether DW values were related to sample size with a linear model. A t -test was applied to test whether the populations belonging to the Structure clusters had different DW values. Another GLM (normal errors), with sample origin as factorial variable (source or glacier foreland populations), Structure cluster as factorial variable (cluster 1 and cluster 2), and individuals per sampled population as continuous variable, was fi tted to the DW values of the sampled populations (reference population excluded). With this model, we assessed whether DW values were different in glacier forelands and source populations, and whether there was an interaction between Structure cluster and sample origin (source or glacier foreland populations). Differences in Structure cluster ratios in glacier forelands and their four sources were tested with F -tests. Whether the minimum number of founders was infl uenced by Structure cluster was tested with a t -test and by sample size with a linear model. All Mantel tests, t -tests, F -tests, and statistical models were calculated using the statistical software package R version 2. 12.0 ( R Development Core Team, 2010 ) . [Vol. 99 diploid cluster (Kongsfjorden and Recherchefjorden: < 1% and not signifi cant; Petuniabukta was excluded owing to the small sample size).
Isolation-by-distance -There was a positive relationship between pairwise genetic and geographic distances when all samples from Svalbard were included (Mantel test, r = 0.53, P = 0.0002, n = 457). Similarly, a Mantel test of each cluster separately on the scale of Svalbard showed that pairwise genetic distances were correlated with geographic distances (diploid cluster: r = 0.54, P = 0.0002, n = 308; tetraploid cluster: r = 0.42, P = 0.0002, n = 301). The average increase of F ST was 0.04 for every 100 km for all samples. Analyzing each cluster separately gave the same result for the tetraploid cluster (0.04) and a very similar result for the diploid cluster (increase of F ST 0.03 every 100 km). When the dominant cluster for each glacier foreland was analyzed separately, a signifi cant positive correlation between pairwise genetic and geographic distance was found for the diploid cluster in Kongsfjorden ( r = 0.64, P = 0.0172, n = 24). The same was found in Petuniabukta for the tetraploid cluster ( r = 0.68, P = 0.0014, n = 27). In Recherchefjorden, however, no isolation-by-distance was found for the dominant tetraploid cluster ( r = − 0.22, P = 0.3187, n = 25). The increase of F ST was almost 3 × larger in Petuniabukta (0.18 on 10 km) than in Kongsfjorden (0.06 on 10 km). No test for isolation-by-distance was made for the subdominant cluster owing to small sample sizes. populations in Recherchefjorden ( P = 0.1770) and Kongsfjorden ( P = 0.1105). In Petuniabukta, however, a higher proportion of individuals from the glacier foreland of H ø rbyebreen was assigned to the diploid cluster (diploids = 29.09%, tetraploids = 70.91%) than in the source populations (diploids = 6.03%, tetraploids = 93.97%, P = 5.511e-06). The diploid cluster had no exclusive markers, whereas the tetraploid cluster had three exclusive markers and two of them were comparatively common. Based on the individual number of markers, individuals sorted into the tetraploid cluster had, on average, 5.4 more markers than individuals of the diploid cluster ( t = − 11.24, df = 635, P = 2.2e-16). Of individuals with measured ploidy levels, the 15 tetraploid individuals had, on average, 2.3 markers more than the 10 diploid individuals, but this difference was not signifi cant ( t = − 0.84, df = 20, P = 0.413).
According to the AMOVA analyses, 14.05% of the molecular variation occurred among the two clusters and 11.00% among sampling populations (all P < 0.0001, n = 707; Table 3 ) . With the individuals split into groups of glacier foreland populations and source populations, within each collection region, an AM-OVA explained some of the variance for the tetraploid cluster between these two groups (Kongsfjorden: 6.90%, P = 0.04, n = 77; Petuniabukta: 5.99%, P = 0.03, n = 187; Recherchefjorden: 3.09%, P = 0.04, n = 146). No such pattern was observed for the ( Table 5 ) . At Midtre Lov é nbreen, the glacier foreland samples from the oldest stages were predominantly allocated to the closest source populations (29%). The oldest stage in the forelands of Renardbreen and H ø rbyebreen, however, had a higher percentage of individuals allocated to the second or third closest source population (30% and 17%, respectively) than to the closest source population. In all three glacier forelands, the highest numbers of individuals from younger stages (1936 -1990) were allocated to the preceding older stages ( Fig. 5 ) . A high number of individuals, however, was still allocated to the four different surrounding source populations ( Fig. 5 ) . Compared with the other two glacier forelands, at the glacier foreland of H ø rbyebreen in Petuniabukta the allocation of individuals to the older stages was higher; compared with the surrounding source populations, it was lower; and compared with populations outside Petuniabukta, it was higher.
Overall, the calculation of the minimum number of founders indicates that all sampled glacier foreland populations were established by several individuals ( Table 4 ) . Further, the majority of the glacier foreland populations were not exclusively founded by the closest or major source, since more distant sources must have contributed to 20 of the 24 glacier foreland populations. In these 20 glacier foreland populations, markers occurred that were not present in the sampled main source. Only four of these populations could theoretically have been founded by one source, because for these populations all observed markers occurred in a single source. There was no evidence that the diploid or tetraploid clusters infl uenced the estimated minimum Genetic diversity, rarity, and number of markers -Nei ' s genetic diversities for the sampled populations split into the diploid and tetraploid cluster ranged from 0.17 to 0.28 ( Table 1 ) . The average genetic diversity of all source and glacier foreland populations was 0.24, and a GLM fi tted to the diversity data ( n = 44) showed neither a difference in genetic diversities between the two clusters ( t = − 0.874, df = 40, P = 0.387) nor a difference between source and glacier foreland populations ( t = 0.589, df = 40, P = 0.559). Also, no interaction between clusters and sample origin (source or glacier foreland) could be found ( t = 0.188, df = 40, P = 0.852). Comparing the genetic diversities of each collection region separately, genetic diversities were also similar, with overlapping confi dence intervals indicating no signifi cant losses of genetic diversities in the glacier forelands ( Fig. 3 ) . Interestingly, genetic diversities remained constant over time in the diploid and the tetraploid cluster, as indicated by similar genetic diversities in the different moraine stages. In the youngest stages, calculated genetic diversities were already high ( Fig. 4 ) .
The DW values for sampled populations, split into the diploid and tetraploid clusters, ranged from 1.30 to 3.11 ( Table 1 ) . The DW values for populations with small sample sizes were usually low, and sample size had a signifi cant infl uence on DW values ( r 2 = 0.64, df = 51, P = 5.756e-13). The diploid cluster (mean = 1.94 ± 0.23) had a lower DW value (with SD) than the tetraploid cluster (mean = 2.41 ± 0.41, t = − 5.11, df = 39, P = 9.703e-06). A GLM fi tted to the DW values of the 44 glacier foreland and source populations revealed that the DW values of populations collected in glacier forelands and sources within both ploidy levels were not signifi cantly different ( t = 0.461, df = 39, P = 0.6477) and that there was no interaction between di-or tetraploid clusters and sources or glacier forelands ( t = 1.105, df = 39, P = 0.2757).
In the glacier foreland populations belonging to the diploid cluster, we found two rare markers that were not present in other diploid populations sampled elsewhere. By migrating into the glacier foreland, all populations lost rare markers that were present in the surrounding populations. However, in most glacier foreland populations, markers also appeared that were not present in the surrounding populations ( Table 4 ) . The linear mixed-effects model fi tted to marker numbers (635 individuals from sources and glacier forelands) revealed that individuals collected in glacier foreland populations independent of the diploid or tetraploid cluster had, on average, 1.88 ± 0.84 ( t = 2.254, df = 629, P = 0.0245) fewer markers than individuals collected in source populations.
Immigration routes and minimum number of founders -
All allocation tests indicated that the close source populations ploidy levels of S. oppositifolia in Svalbard. Further, the chosen rarity measure (DW) did not differ between glacier foreland populations and source populations. Hence, this species is able to track its ecological niche by migrating into new habitats in a comparatively short time (approximately 10 -20 yr) without losing a signifi cant amount of genetic diversity. Although the potential source contributing most to the colonization of the glacier foreland was usually close, and the dispersal within each region was high, compelling evidence for long-distance dispersal was found. The minimum numbers of founders appeared to be low, but considering seed loss during migration and establishment processes, the real numbers of seeds that arrived in the glacier forelands must be orders of magnitude greater than the minimum numbers.
Genetic Structure -The occurrence of two ploidy levels was confi rmed by fresh material that was recollected within two collection sites, which were earlier included in the AFLP analysis. The result was clearly interpretable (Appendix S3). Further, the silica-dried ploidy and AFLP-analyzed samples provide strong evidence that the two main genetic groups identifi ed within S. oppositifolia in Svalbard corresponded to DNA-diploid and DNA-tetraploid individuals. That dried plant material and, especially, silica-dried samples can be reliably analyzed with fl ow cytometry has been demonstrated recently ( Suda and Tr á vn í ek, 2006 ) . Several earlier molecular-based studies on S. oppositifolia included samples from Svalbard ( Abbott and Comes, 2004; Abbott et al., 1995 Abbott et al., , 2000 Gabrielsen et al., 1997 ) but did not investigate whether the genetic structure was influenced by ploidy. A study based on pollen size also did not fi nd evidence of multiple ploidy levels on Svalbard ( Brysting et al., 1996 ) . Hence, the existence of diploid and tetraploid individuals at close proximity was unexpected. However, the occurrence of different chromosome numbers (e.g., Sch ö nswetter et al., 2007 ) and ploidy levels within the same species complex seems to be common in the Arctic Eidesen et al., 2007a ) and can be a result of a single polyploidization event, as in S. rivularis L. ( J ø rgensen et al., 2006 ) , or a recurrent process, as in Empetrum nigrum L. ( Popp et al., 2011 ) . Recurrent polyploidization should result in stronger geographic structure independent of ploidy ( Soltis and Soltis, 1999 ; Levin, 2002 ) . Thus, recurrent polyploidization of S. oppositifolia in Svalbard seems unlikely, as there was stronger dissimilarity between ploidy levels than geographic structure ( Table 3 ) , and two exclusive markers in the tetraploid cluster were frequent in nearly all sampled populations. The occurrence of triploids and the indistinct transition between the two clusters might indicate some gene fl ow between ploidy levels. However, because of the exclusive markers in the tetraploid cluster, we expect that gene fl ow does mainly occur from diploids to tetraploids. Another possibility for the formation of triploids can be unreduced gametes ( Bretagnolle and Thompson, 1995 ) . Whether the different ploidy levels are truly unrelated to taxonomical differences ( Abbott and Comes, 2004 ) or the two cpDNA haplotypes observed in Svalbard ( Abbott et al., 2000 ) represent diploid and tetraploid clusters needs to be investigated separately.
Focusing on the overall ratio of individuals belonging to the diploid or tetraploid cluster in Svalbard, the tetraploid cluster showed no advantage over the diploid cluster, as might be assumed for polyploid vascular plants ( Sitte et al., 1999 ; Brochmann et al., 2004 ) . Considering the detailed ratios at each collection site number of founders ( t = − 0.2485, df = 22, P = 0.8069). The minimum number of founders was also weakly related to the size of the sampled glacier foreland population; small populations required fewer minimum founders than larger populations ( r 2 = 0.21, df = 22, P = 0.0147). Compared with the other two glacier forelands, both for the diploid and the tetraploid cluster, the glacier foreland of H ø rbyebreen required the most founders ( Fig. 6 ) .
DISCUSSION
Overall, no difference in genetic diversity could be found between newly founded glacier forelands and potential source populations, or between the clusters representing the two main stages (1990) had a similar diversity as the older stages, indicating a rapid build-up of genetic diversity in these young populations. That similar diversities are due to current gene fl ow between populations via pollen is rather unlikely, in that Svalbard lacks bees and bumblebees ( Coulson, 2007 ) . In addition, the ability to carry pollen and vitality of other insects in Svalbard is unclear. On the basis of our data, we can conclude that seed dispersal is high in the Arctic. The Mantel tests showed isolation-by-distance on a larger geographic scale (within Svalbard), and a signifi cant amount of molecular variation was explained by geographic separation (among sampled populations: 11%). However, the increase of genetic distance with geographic distance was small and almost identical in both ploidy clusters, and the molecular variation explained among populations collected throughout Svalbard was smaller than in studies of neighboring valleys conducted in the Alps ( Raffl et al., , 2008 . Thus, although not unlimited, dispersal abilities of both ploidy levels were high within Svalbard. Further, our allocation tests show that although close sources contributed most, all sampled glacier foreland populations of S. oppositifolia received migrants from several distant sources. Because not all subpopulations could be sampled in this almost continuously distributed species, long-distance dispersal may have been somewhat overestimated. Nevertheless, on the basis of theoretical dispersal studies, the combined forms of migration (high long-distance dispersal combined with local dispersal) are necessary to create high genetic diversity in newly founded populations ( Ibrahim et al., 1996 ; Bialozyt et al., 2006 , Excoffi er et al., 2009 ). This combination of both dispersal processes, described as stratifi ed dispersal, implies that seeds are often moved by more than one process or dispersal mode ( Higgins and Richardson, 1999 ; Cain et al., 2000 ) .
Higher seed dispersal of S. oppositifolia in Svalbard than in mainland Norway was already suggested by Gabrielsen et al. (1997) . Seeds of this species have no particular dispersal adaptation, but they are small and light (e.g., Pluess et al., 2005 ) . In High Arctic areas like Svalbard, seed dispersal may be facilitated by thin snow layers, leaving the apical opening of the fruit above the snow, and creating smooth surfaces facilitating wind dispersal ( Savile, 1972 ) . Saxifraga oppositifolia is present in seed banks in Svalbard ( Cooper et al., 2004 ) and may remain viable while buried for several years ( Schwienbacher et al., 2010 ) . Thus, seeds may accumulate long before they meet appropriate ( Fig. 1 ) , there is no evidence that polyploids were more successful in colonizing new territory as implied by Soltis and Soltis (2000 ) . If the tetraploid cluster is at an advantage because of higher ploidy, it may be canceled out by the disadvantages of polyploids ( Comai, 2005 ) , or unimportant on the studied time and spatial scale. Given that the ratio between diploids and polyploids varies locally from exclusively polyploid populations through co-occurrence of diploid and tetraploid populations to exclusively diploid populations, it can be reasoned that the ratio of diploids and polyploids in Svalbard is infl uenced by the local habitat. Ecological differentiation commonly occurs between diploids and their autopolyploids ( Parisod et al., 2010 ) . Thus, we hypothesize that diploids and tetraploids have largely overlapping, but different, ecological amplitudes.
The genetic separation between the diploid and the tetraploid cluster, as well as former data from phylogeographic analyses ( Abbott and Comes, 2004 ) , suggests that Svalbard may have been colonized from two sources. A potential source for the tetraploid cluster could be northern Siberia, because tetraploid counts have been reported from that area . The occurrence of S. oppositifolia subsp. glandulisepala in the sampled material could, however, be excluded by a voucher examination (R. Elven and I. G. Alsos, personal observation). Several potential sources are possible for the diploid cluster, given that diploids occur in Greenland and northern Europe . Our results, in congruence with Alsos et al. (2007) , imply that Svalbard is a mixing zone for different genetic lineages of circumpolar distributed species, and may link northern Siberia, northern Europe, and Greenland.
Colonization of glacier forelands -Glacier foreland populations were not genetically differentiated from established populations. In addition, there were no signifi cant differences in minimum numbers of founders between the clusters representing the ploidy levels. On average, the glacier foreland populations had lost only 1.9 out of 115 makers. Hence, there is no evidence for a bottleneck or founder effect during colonization in S. oppositifolia . The rather constant genetic diversity in the different moraine stages is similar to that found in other smallscale studies on glacier forelands Raffl et al., 2008 ) and in concordance with the results of other colonization studies ( Von Fl ü e et Yang et al., 2008 ) . Further, in our study, the populations of the youngest sampled glacier foreland Regional variation in glacier foreland systems -In some cases, overall data for Svalbard and data from regional subsets for each glacial foreland did not fully match. This was most obvious from the regional AMOVAs and Mantel tests. One reason for these mismatches may be seed infl ux to the glacier forelands from unsampled sources. Apart from higher gene fl ow over short distances, newly founded populations can be closely related because of their shared origin ( Whitlock and McCauley, 1999 ) . The differences among subsets were most noticeable in the glacier foreland of H ø rbyebreen. Different proportions of diploids and tetraploids in the glacier forelands than at the sources ( Fig. 1 ) , different allocation patterns ( Table 5 ; Fig. 5 ) , and higher minimum numbers of founders ( Table 4 ; Fig. 6 ) hint at some regional and local specifi city. These dissimilarities can most likely be attributed to different seed-infl ux patterns. In particular, it can be assumed that local topography has an infl uence on seed dispersal. For example, several small valleys with glaciers connected to a larger icecap (Lomonosov Fonna) ending in Petuniabukta, and locally strong katabatic winds ( Bednorz and Kolendowicz, 2010 ) , may disperse seeds from more distant germination conditions at the glacier front. Because several years of soil development were necessary (approximately 10 -16) until a quantifi able number of vascular plants occurred in a glacier foreland in Svalbard ( Hodkinson et al., 2003 ) , it can be assumed that even before a new population is founded, seeds that have dispersed locally, regionally, and over long distances accumulate. Our study indicates that the dispersal of seeds was high enough to establish populations with genetic diversity similar to the older populations in the surroundings within 20 yr. The calculated minimum numbers of founders necessary to bring the observed markers into the different glacier foreland stages were rather small in both diploid and tetraploid populations, but they are theoretical minimums. Germination experiments in two different substrates found that 20% of the seeds of S. oppositifolia germinated on fi eld plots within 2 yr ( M ü ller et al., 2011 ) . Given the low proportion of seedling survival in marginal habitats ( Bell and Bliss, 1980 ; Svoboda and Henry, 1987 ; Cooper, 2011 ) , the number of immigrating seeds necessary to obtain the calculated minimum number of seeds established is probably much higher. Conclusion -Local plant dispersal and establishment capacity can be high in the Arctic. All newly established populations of the study species showed high gene fl ow among one another and from potential source populations and had achieved similar levels of diversity as older populations within 20 yr. Thus, genetic diversity can be retained during local range expansion when both regional and local dispersal are high. Regional differences in topography infl uenced the proportions by which local, regional, and long-distance dispersal contributed to the colonization of the sampled glacier forelands. Fig. 5 . Percentages of allocated individuals from the three sampled glacier forelands. " Older stages " include the individuals allocated to older stages than the sampled stage; " sources " represent the individuals allocated to one of the four collection sites in the surroundings of each glacier foreland; " collection region " are the individuals that were allocated to a certain collection region (Kongsfjorden: sources 1 -4; Petuniabukta: sources 5 -8; or Recherchefjorden: sources 9 -12) but could not be uniquely assigned to one of the four sources; " ldd " represents the individuals allocated to a collection site outside the immediate glacier foreland and the surrounding four sources; and " unknown " are individuals that could not be allocated to a source population or a region. Fig. 6 . Number of minimum founders necessary to deliver the observed markers to the glacier forelands, calculated for the diploid and tetraploid cluster for each glacier foreland.
